Background: Long-term protection against meningococcal disease is associated with persistence of post-vaccination antibodies at protective levels. We evaluated the bactericidal antibody persistence and safety of the quadrivalent meningococcal serogroups A, C, W and Y tetanus-toxoid conjugate vaccine (MenACWY-TT) and the meningococcal polysaccharide serogroups A, C, W, and Y vaccine (MenACWY-PS) up to 5 years post-vaccination.
Background
Neisseria meningitidis serogroups A, B, C, W, Y and X account for the majority of invasive meningococcal infections, which are associated with high morbidity and mortality rates [1] [2] [3] . There are both geographical and temporal variations in the distribution of these serogroups; these variations are potentially influenced by international travel patterns [1] [2] [3] [4] . The risk for infection is higher during disease outbreaks and for people living in or traveling to areas with a higher incidence of endemic disease (e.g. the meningitis belt of Africa) [5] [6] [7] . In Asia and the Middle East, serogroups A, C and W are predominant [2] . In the Philippines, serogroup A was responsible for an outbreak of meningococcal disease in 2004-2005 [8] . In Saudi Arabia, outbreaks of meningococcal disease associated with mass gatherings during the Hajj or Umrah pilgrimages facilitating person-to-person transmission have repeatedly occurred [9] [10] [11] . Serogroup A was responsible for an outbreak following the Hajj in 1987 [12] , while serogroup W was predominant during outbreaks in 2000 and 2001 [4, 9, 12] .
To reduce the burden of disease, meningococcal polysaccharide (MenPS) vaccines were successfully introduced more than 3 decades ago [13] . However, MenPS vaccines have some limitations, including poor immunogenicity in infants and toddlers, a lack of capacity to induce long-term protection or immune memory, a negligible impact on nasopharyngeal carriage, failure to confer herd immunity, and observed hyporesponsiveness after repeated doses [14, 15] . To overcome these drawbacks, capsular polysaccharides can be coupled to carrier proteins as demonstrated by monovalent meningococcal serogroup C conjugate vaccines [16] [17] [18] [19] [20] . Moreover, vaccination against multiple serogroups may be the best strategy to protect individuals against a broader range of meningococcal diseases in a single injection.
Currently, three quadrivalent meningococcal conjugate vaccines (MenACWY) are available [15] : a tetanus toxoid (TT) conjugate vaccine (MenACWY-TT; Nimenrix™, GSK Vaccines, Rixensart, Belgium); a diphtheria toxoid (DT) conjugate vaccine (MenACWY-DT; Menactra TM , Sanofi Pasteur Inc., Swiftwater, Pennsylvania); and a nontoxic mutant variant of Corynebacterium diphtheriae toxin (CRM 197 ) conjugate vaccine (MenACWY-CRM; Menveo TM , GSK Vaccines, Rixensart, Belgium). Previous clinical studies have shown that MenACWY-TT is immunogenic and well-tolerated in toddlers, children, adolescents, and adults, and that functional antibodies induced by a single vaccine dose persist up to 3 years after vaccination [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
In both the Philippines and Saudi Arabia, meningococcal vaccination is recommended for individuals who are at increased risk for meningococcal infection. After the 2000 and 2001 disease outbreaks, Saudi Arabia changed the vaccination recommendation from a bivalent meningococcal serogroup A and C polysaccharide vaccine to the quadrivalent (A, C, W and Y) polysaccharide vaccine as a Hajj visa requirement [4, 36, 37] . No further Hajj or Umrah related outbreaks have occurred since then, and the incidence of invasive meningococcal disease was reduced in the region [12, 36, 38] . Since January 2013, routine immunization of children older than 2 years of age and vaccination of Hajj pilgrims with quadrivalent MenPS or conjugate vaccines is recommended in Saudi Arabia [39] . Hajj pilgrims are required to have the meningococcal vaccine ≤3 years and ≥10 days before arriving in Saudi Arabia. Since individuals may participate in multiple pilgrimages, the conjugate vaccine is preferred to the MenPS vaccine due to concerns of hyporesponsiveness with repeated doses [40] . In the Philippines, meningococcal vaccines are not included in the national routine immunization schedule, but vaccination with quadrivalent polysaccharide (single dose) or conjugate vaccines (single dose in adults, 2 doses in children aged ≥9 months given at 2-month intervals; boosters at 5-year intervals) is recommended by both pediatric and adult infectious disease societies for individuals who are at increased risk for meningococcal infection [41] .
The introduction of quadrivalent meningococcal conjugate vaccines has led to the reduction of the number of cases of invasive disease. However, several studies have shown that serum antibody levels elicited by conjugate vaccines wane over time, especially at younger ages [42] [43] [44] . Previous clinical data have shown that the ability of meningococcal serogroup C conjugate vaccines to induce immunologic memory does not necessarily confer protection, because the onset of invasive meningococcal disease may occur before sufficient antibodies are produced [16, 45] . Therefore, the maintenance of persisting antibodies may be a more reliable predictor than immune memory for long-term protection against meningococcal disease [45] .
Results of a randomized study enrolling 500 participants showed MenACWY-TT to be non-inferior compared to a licensed MenACWY plain polysaccharide vaccine (MenACWY-PS; Mencevax™, GSK Vaccines, Belgium) in terms of rSBA vaccine response to the four meningococcal serogroups one month after vaccination. The primary outcome of the study was thus met and results showing that a single dose of MenACWY-TT induced bactericidal antibodies which persisted in a majority of participants, and was well-tolerated up to 3 years post-vaccination were reported in a previous publication [30] . The secondary outcomes described in this publication include the comparison of the long-term persistence of immunogenicity of the two vaccines, and the description of serious adverse events (SAEs) related to vaccination and of any event related to the lack of vaccine efficacy up to Year 5 after vaccination. Study participants were healthy adolescents and adults aged 11-55 years at the time of vaccination, who had completed routine childhood vaccination to the best of their or their parents'/guardians' knowledge. At each yearly visit, participants were excluded from the long-term persistence phase of this study if they had received a meningococcal vaccine not permitted in the protocol or if they had a history of meningococcal disease. Participants with a suboptimal response to all four serogroups at a postvaccination timepoint received an additional vaccine dose and were excluded from the study. Participants with a suboptimal response to one of the four serogroups were not excluded from the study, unless the study investigator considered that the epidemiological risks warranted the administration of an additional vaccine dose.
Methods

Study design and participants
In the vaccination phase, participants were randomized (3:1) to two groups receiving either a single dose of MenACWY-TT (ACWY-TT group) or MenACWY-PS (Men-PS group); the randomization procedure, accounting for study center and age of the participant (11-17 and 18-55 years of age), as well as the composition and administration of these vaccines, has been previously described [30] . Here, we present results at Years 4 and 5 after vaccination, evaluated between January 2011 and February 2013.
The study was conducted in accordance with the Good Clinical Practice Guidelines and the Declaration of Helsinki, and the protocol and associated documents were reviewed and approved by the following local ethics committees: the Research Institute for Tropical Medicine (RITM) Institutional Review Board, Muntinlupa City, Philippines; University of the Philippines Manila Research Ethics Board, Manila, Philippines; and the National Guard Health Affair Institutional Review Board (IRB), King Abdulaziz Medical City, Riyadh, Kingdom of Saudi Arabia. Written informed consent was obtained before enrolment from the participants aged at least 16 years in Saudi Arabia and 18 years in the Philippines. Younger participants signed a written informed assent and a written informed consent was obtained from their parents/guardians. In addition, consent was obtained if participants reached 18 years of age during the study. A summary of the protocol is available at http:// www.gsk-clinicalstudyregister.com (GSK study ID 107386).
Immunogenicity assessments
Blood samples were collected from all participants at Years 4 and 5. Functional antibody responses against meningococcal serogroups A, C, W and Y were assessed by a serum bactericidal activity assay with rabbit complement as exogenous complement source (rSBA, cutoff titer 1:8) [46] . rSBA titers ≥1:8 correlate with shortterm protection for serogroup C [47] , and this threshold was extended to the other serogroups. The percentages of participants with rSBA titers ≥1:128, a more conservative correlate of protection, were also evaluated [48] . The assay for Years 4 and 5 was performed at the Public Health England (PHE) laboratory. This prevented a direct comparison with the results from earlier timepoints, which were assessed at the GSK Vaccines laboratory, for the entire study cohort. For a subset of participants, samples from previous timepoints were retested at the PHE laboratory for direct comparison.
Safety assessments
During the long-term persistence phase, only SAEs that were considered by the investigator to have a causal relationship to the vaccination were collected retrospectively up to Year 5. The occurrence of meningococcal disease, as an event related to the lack of vaccine efficacy, was also described. Any pregnancy complication or elective termination of a pregnancy for medical reasons or spontaneous abortion in a study participant was recorded.
Statistical analyses
Two cohorts were defined for the purpose of the antibody persistence analysis. The Total Cohort Year 5 included all vaccinated participants who attended the Year 5 follow-up visit and for whom data concerning persistence endpoint measures were available. The according-to-protocol (ATP) cohort for persistence Year 5 included all evaluable participants who received the vaccine during the vaccination phase, had not received a previous dose of meningococcal serogroup A, C, W or Y vaccines not planned in the protocol, were compliant with protocol-defined windows for serum sampling (254 to 266 weeks post-vaccination), and had available assay results for at least one tested antigen at the Year 5 timepoint.
The percentages of participants with antibody titers above the proposed cut-offs and the geometric mean antibody titers (GMTs) for the tested antigens were calculated with 95 % confidence intervals (CIs). The exact 95 % CIs for proportion within a group were calculated based on the method described by Clopper et al. [49] . The standardized asymptotic 95 % CIs for the group difference in proportions were calculated based on the method 6 described by Newcombe [50] . Antibody titers below the cut-off of the assay (1:8) were given an arbitrary value of half the cut-off for the purpose of GMT calculation.
All comparative analyses between groups were exploratory. Potential differences between groups were identified if the standardized asymptotic 95 % CI for (1) the difference in percentage of participants with titers above the proposed cut-offs between the two groups did not contain the value '0' or (2) the GMT ratio between the two groups did not contain the value '1'. Since no adjustment for multiplicity of these comparisons was performed, the results should be interpreted with caution.
The analyses were performed using Statistical Analysis System version 9.22 for Windows (SAS Institute Inc., Cary, NC, United States).
Results
Demographics
Of the 500 participants who were vaccinated in the primary phase of the study, 426 returned for the Year 4 study visit and 404 for the Year 5 visit. The ATP cohort for persistence Year 4 included 420 participants (313 in the ACWY-TT group and 107 in Men-PS group) and the Year 5 ATP cohort included 70 participants (51 in the ACWY-TT group and 19 in Men-PS group) (Fig. 1) . This low number of participants included in the ATP cohort at Year 5 was due to a delay in the annual approval from the Food and Drug Administration (FDA) of the Philippines for the Year 5 persistence timepoint, which caused all 333 participants enrolled in the Philippines to attend the Year 5 visit outside the protocol-defined windows for serum sampling (254 to 266 weeks post-vaccination); they were therefore eliminated from the ATP analysis. In the Total Cohort Year 5, the mean interval between vaccination and the Year 5 serum sampling was ≈ 288 weeks (range 258 to 301 weeks) post-vaccination.
At the time of vaccination, 301 participants were 11-17 years old and 199 participants were 18-55 years old. The age and gender distribution of the participants in the Total Cohort Year 5 were similar in both groups, and were consistent with those of the participants enrolled in the vaccination phase of the study ( Table 1 ). The population in the Total Cohort Year 5 was predominantly of South East Asian heritage (82.4 %).
Persistence of bactericidal antibodies
The primary analysis of immunogenicity was based on the ATP cohort for persistence Year 5 (Additional file 1: Table S1 ). Because none of the participants from the Philippines were included in this cohort due to noncompliance with the blood sampling schedule, the Total Cohort Year 5 was considered to be more representative for the study population, and the results based on this cohort are presented in this manuscript.
In the Total Cohort Year 5, the percentages of participants with seroprotective rSBA titers, as measured by the PHE assay at Year 5, ranged from 71.6 to 90.0 % in the ACWY-TT group, and from 24.8 to 74.3 % in the Men-PS group ( Table 2 ). The percentages of participants with rSBA titers ≥1:128 ranged from 64.9 to 86.3 % in the ACWY-TT group and from 21.0 to 68.6 % in the Men-PS group. At Year 4, 5 participants (3 from the ACWY-TT group, 2 from the Men-PS group) and at Year 5, 3 participants (1 from ACWY-TT group, 2 from the Men-PS group) had a suboptimal response to all 4 serogroups. These participants received an additional dose of a licensed meningococcal vaccine and were excluded from the long-term follow-up of that particular year and the following years.
The results from the subset of samples retested at the PHE laboratory (collected at pre-vaccination, Year 1 and Year 2) suggested that the largest decrease in rSBA GMTs occurred during the first year following vaccination in both groups for all four serogroups (Table 2) . Between Month 1 and Year 5, the rSBA GMTs decreased between 12.0-and 60.4-fold in the ACWY-TT group and between 14.1-to 90.0-fold in the Men-PS group. All rSBA GMTs at Year 5 were still above the pre-vaccination levels determined in the subset of samples retested at the PHE laboratory.
Exploratory analysis at Year 5 suggested that the percentages of participants with rSBA titers ≥1:8 and ≥1:128 and the rSBA GMTs for serogroups A, W and Y were significantly higher in the ACWY-TT group than in the Men-PS group ( Table 2) .
The data for each of the age strata were consistent with the data for the total population: in the ACWY-TT group, the percentage of adolescents (11-17 years of age) with rSBA titers ≥1:8 was 92.8, 80.3, 74.0, and 81.3 % for serogroups A, C, W and Y, respectively, while the percentage of adults (18-55 years of age) with rSBA titers ≥1:8 was 83.5, 76.9, 65.9, and 91.2 % for these serogroups, respectively; in the Men-PS group, the percentage of adolescents with rSBA titers ≥1:8 was 80.3, 65.8, 23.7, and 42.1 % for serogroups A, C, W and Y, respectively, while the percentage of adults with rSBA titers ≥1:8 was 58.6, 85.7, 27.6, and 51.7 % for serogroups A, C, W and Y, respectively (Additional file 1: Table S2 ).
Safety
No SAEs related to vaccination or events related to the lack of efficacy were reported between Month 0 and Year 5.
Twenty-three study participants reported pregnancies between Year 3 and Year 5; one participant was diagnosed with eclampsia. All pregnancies had a normal outcome and resulted in birth of live infants with no apparent congenital anomalies. Our persistence results are consistent with previously published data, which showed that at 3.5 years following a single dose of MenACWY-TT administered to adolescents (15-19 years old), all participants had rSBA titers ≥1:8 against all four serogroups [31] . Another study with a single dose of MenACWY-CRM in adolescents showed similar results at 5 years after primary vaccination; in the rSBA assay performed at PHE, 78 to 98 % of the MenACWY-CRM recipients retained rSBA titers ≥1:8 against serogroups A, W and Y at Year 5, and only 56 % of the participants against serogroup C [44] .
Although IMD incidence is highest in infants, there is a secondary disease peak in adolescents [51] . In addition, the adolescent population plays an important role in the epidemiology of meningococcal disease as the main carrier group. Asymptomatic carriage is most common in adolescents and young adults [52] [53] [54] , and since most transmission occurs through asymptomatic carriers, the adolescent population is an important reservoir for transmission. It was previously demonstrated that meningococcal serogroup C conjugate vaccines reduce asymptomatic carriage [17] , therefore a vaccine that protects a high percentage of adolescents may lead to lower incidence of IMD in other age-groups.
Exploratory analyses suggested that the percentage of participants with rSBA titers ≥1:8 or ≥1:128, and the rSBA GMTs were significantly higher in the ACWY-TT group than in the Men-PS group for serogroups A, W and Y at 5 years after vaccination. For serogroup C, the results were comparable in terms of percentages of participants with seroprotective levels and rSBA GMTs in both groups, and there was no evidence of a significant difference. This is in line with the results reported in the primary study for the Year 3 timepoint [30] and with a previous study which also showed that the rSBA GMTs of MenACWY-TT were significantly higher than those of MenACWY-PS for serogroups A, W, and Y in participants aged 18-55 years [34] . Several previous studies with all three quadrivalent conjugate vaccines (MenACWY-TT, MenACWY-DT and MenACWY-CRM) reported evidence for higher antibody titers in the recipients of conjugate vaccines as compared to those induced by polysaccharide vaccines [22, 27, 44, 55, 56] . While several of these studies evaluated GMTs after a short period following vaccination, there is evidence that higher GMTs established initially correspond to higher proportions of participants retaining the protective bactericidal antibody threshold during long-term follow-up [42] . This observation is valid for the current study as well, especially for serogroup W, where a low initial GMT value in the MenPS group correlated with a low percentage of participants (~25 %) who retained seroprotective rSBA-MenW titers at Year 5 postvaccination. The waning of antibody titers between 1 and 2 years post-vaccination with MenACWY-PS suggests that an earlier (2 years) than currently recommended (5 years) revaccination may be warranted in individuals who remain at high risk of exposure to N. meningitidis, preferably with a meningococcal conjugate vaccine.
During this study, no SAEs related to vaccination were reported and all pregnancies had normal outcomes, suggesting that the long-term safety and reactogenicity profile of MenACWY-TT was clinically acceptable. No AEs due to lack of vaccine efficacy were reported, but this needs to be interpreted in the light of the fact that no meningococcal invasive disease outbreaks have occurred in the Philippines or in Saudi Arabia since 2006 [38] .
The present study was limited by its open design, which could have introduced bias in the safety reporting; however, since no safety concerns were raised in either group, this was probably not a major drawback. The study was also potentially limited by the exploratory nature of the statistical comparisons, which should be interpreted with caution, considering that the study was not designed for inferential comparisons at Year 5, there was no adjustment for multiplicity of comparisons, and the clinical relevance of these differences is unknown. Antibody titers were measured using an rSBA assay, due to the practical advantages of a commercially available heterologous complement source. However, it is known that the use of rabbit complement as opposed to human complement results in a higher absolute value of the titers [42, 44, 48] . Finally, only a limited number of samples from pre-vaccination, Month 1, Years 1 and 2 were retested at PHE. Although a direct comparison should be made cautiously because of inter-laboratory procedural differences, different sample sizes, and a different number of freeze-thaw cycles for a given clinical sample, the re-analysis at PHE gave lower point estimates compared to the original rSBA assay performed at GSK Vaccines [30] .
Conclusions
This study showed that MenACWY-TT, when administered as a single intramuscular dose to adolescents and adults 11-55 years of age, induced an immune response against meningococcal serogroups A, C, W and Y, which 
